Incoherent and coherent synchrotron radiation are issues in most new accelerator projects utilizing bunch compressors to increase the peak current of the electron beam. Here we present a systematic approach to design a bunch compressor chicane suitable for the multi-TeV compact linear collider (CLIC). Based on analytical equations and beam dynamics simulations, we discuss how the influence of incoherent and coherent synchrotron radiation on the transverse beam emittance depends on chicane and electron beam parameters. The optimization of the bunch compressor layout and the electron beam parameters results in two different options which preserve the emittance to well within the specifications. published in Phys. Rev. ST AB 10, 031001 (2007) 
Introduction
The main beam line of the compact linear collider (CLIC) requires two bunch compressors to compress the electron bunches to an RMS length of 30 µm. Such short bunches are a prerequisite at the interaction point to attaining the proposed high luminosity [1] . For the same reason, it is essential to maintain the transverse emittances during final bunch compression to within ε n,x < 600 nm rad and ε n,y < 5 nm rad. To determine suitable layouts for the bunch compressor chicanes and suitable electron beam parameters, it is necessary to analyze phenomena that induce emittance growth and consequently a reduction in luminosity. In this paper we focus on a systematic study of incoherent synchrotron radiation (ISR) and coherent synchrotron radiation (CSR) effects in the second bunch compressor chicane (BC2), which reduces the bunch length from 250 µm to 30 µm. We discuss the relevant parameters and give a detailed description of our methodology which can be used as a general guideline for other bunch compressor designs. The chicane parameters, whose effects on the performance of the bunch compressor are discussed, are total chicane length L tot , dipole length L B , momentum compaction factor R 56 and dipole position. The influence of electron energy E 0 , energy spread
, initial beta function β x,ini and initial α x,ini is also discussed. Parameter scans are performed for the dipole position, the initial beta function and the initial alpha. The chicanes studied here divide into two groups: C-chicanes with four dipoles (FIG. 1a) and S-chicanes with six dipoles (FIG. 1b) . The chicanes are referred to as symmetric in cases where the dipoles are of equal strength and the first and last drift are of equal length. Otherwise they are referred to as asymmetric. Electrons traversing a dipole magnet emit synchrotron radiation mainly in the direction of motion [2, 3] resulting in a change in electron energy. Because of the dispersive coupling in the bunch compressor chicane the energy change will, in turn, influence the horizontal, i.e., bending plane, phase space distribution. This effect is much stronger than the direct emittance dilution induced by the horizontal component of the synchrotron radiation fields. Since there is no vertical dispersion and the vertical field component is even weaker than the horizontal one, the impact of ISR and CSR in the vertical plane is negligible. The beam dynamics in the vertical phase space is therefore not discussed here. Additionally, we neglect in our analysis the influence of the conducting walls of the vacuum chamber. The induced wake fields tend to enlarge the emittance (e.g. see [4] ), the shielding effect reduces the CSR power [5] . This is done as we aim to optimize the parameters so that BC2 does not rely on shielding to reach the emittance goal. Consequently, the vacuum chamber can be wide enough to reduce wake fields to an acceptable level. The next section discusses the choice of some basic chicane and electron beam parameters. Sections 3 and 4 review the impact of incoherent and coherent synchrotron radiation on the emittance and how it is influenced by the dipole length. Section 5 describes the parameter scans. Some general remarks on the computer simulations and the computer code are given in Section 6. Section 7 compares the results of the parameter scans.
Parameters of the Chicanes and the Electron Beam
The choice of L tot is based on a proposal for BC2 given in [6] . There a C-chicane is proposed with a total length of 30 m. It is built of four equal dipoles of 7 m length. While the ISR emittance growth in this chicane would be only about 1 nm rad, beam dynamics simulations show that the horizontal normalized emittance would grow by more than 50% due to CSR, when neglecting the shielding effect of the vacuum chamber. Elongating this chicane to L tot = 40 m reduces the CSR emittance growth to about 10%, i.e., a value which is only a factor of two higher than the allowed emittance growth. A further reduction of the CSR emittance growth is achieved by shortening the dipoles. Regarding the choice of L B = 2 m refer to sections 3 and 4. To reach a final bunch length of σ s,f = 30 µm while keeping the total energy spread below 2% [1] a combination of momentum compaction factor R 56 = −14 mm and linear position-energy correlation u = 1 E 0 dE ds = −70.5 m −1 along the electron bunches is needed. Lowering the R 56 would require a too high energy spread and enlarging the R 56 would lead to too long bunches since to first order
Already with R 56 = −14 mm the uncorrelated energy spread of σ E,unc E 0 = 2 × 10 −3 limits the minimum achievable bunch length to just below 30 µm. That also means, even with the given parameters the bunches have to be fully compressed in BC2. The linear position-energy correlation, called energy chirp, of
−1 has to be imposed on the electron bunches by the RF cavities preceding the bunch compressor chicane. Additionally, the RF will add non-linear correlations depending on the frequencies and phases of the cavities. In our case this effect can be neglected since the shape of the longitudinal profile of the compressed bunch is dominated by the high uncorrelated energy spread. Note that this is in contrast to longitudinal beam dynamics in a freeelectron laser. There the uncorrelated energy spread is very small, the non-linearities can dominate and a very short spike in the beam profile can develop, which emits huge CSR power (e.g. see [7] ). In any case, the accelerator preceding BC2 will be designed to minimize the RF non-linearities imposed on the longitudinal phase space distribution. Normalized emittance ε n,x 570 nm rad ε n,y 4 nm rad Table 2 : Parameters of the electron bunch in front of the bunch compressor chicane.
The beam energy of E 0 = 9 GeV, which is chosen for the location of BC2, is a trade-off between ISR and CSR emittance growth. ISR would favor lower beam energies since the ISR radiation power is P ISR ∝ E 4 0 [8] and CSR would favor higher beam energies since P CSR is independent of the beam energy [5] , but a higher energy beam is more rigid with respect to the forces acting on it. It is expected that the initially Gaussian phase space distribution accumulates some distortions in the damping rings due to collective effects [9] but full-featured beam dynamics simulations are not yet finished [10] . Therefore, in all simulations presented here the transverse and longitudinal phase space distributions are assumed to be Gaussian. This assumption can be justified as long as the realistic longitudinal profile is well behaved, i.e., it initially contains no high current spikes. In this case, it is impossible for such spikes to develop in the bunch compressor due to the high uncorrelated energy spread. For example an initially uniform profile would lead only to a longer final bunch and thus to a reduction of CSR. Again, this is in contrast to projects where the beam has a small uncorrelated energy spread, e.g., FELs. There a lot more care has to be taken when modeling the longitudinal profile because sharp spikes might develop during compression (e.g. see [7] ). Parameters common to all chicanes can be found in TABLE 1. The corresponding initial electron beam parameters are given in TABLE 2. It is specified that after compression horizontal and vertical emittance should not exceed ε n,x = 600 nm rad and ε n,y = 5 nm rad, respectively.
Incoherent Synchrotron Radiation
The growth of the normalized emittance induced by ISR can be analytically estimated by using the equation
which was derived in [8] . Here E 0 is the energy in units of GeV. The dipoles are of length L B and deflect the electrons by an angle θ. L D is the length of the drift between first and second dipole. β min and β max are minimum and maximum beta functions along the chicane. Equation (2) is an approximation of
for the case of a symmetric C-chicane with small bending angles and symmetric beta functions. Using these assumptions the fifth synchrotron radiation integral I 5 can be simplified [11] .
To study the effect of ISR in a symmetric C-chicane, the length of the dipole magnets L B is varied while the total chicane length L tot , the separation of the central dipoles L S and the R 56 are kept constant (FIG. 2) . Note that the bending angle θ is not constant, but rather a function to first order of the afore mentioned parameters:
Consequently, the bending angle slowly drops for decreasing dipole length. For each L B the ISR emittance growth is calculated by numerically integrating eqn. (3). It is found that for dipole lengths down to about L B = 4 m the emittance growth is almost constant. For dipoles shorter than 4 m it gets stronger, but even for L B = 1.5 m it is still below 1%. This behavior of the emittance growth can be explained because ∆ε n,x ∝ θ 5 /L 2 B . That means the variation of the bending angle counteracts the influence of the dipole length. Consequently, within certain boundaries it does not matter for the ISR emittance growth if longer or shorter dipoles are used. The boundaries are of course not universal but depend on chicane parameters. For the parameters of BC2, it is feasible to reduce the dipole length to about L B = 2 m without adversely affecting the emittance.
Coherent Synchrotron Radiation
From synchrotron radiation theory, it is known that the coherently radiated power scales as P CSR ∝ R −2/3 [5] , where R is the bending radius. Therefore one could expect that with respect to the CSR emittance growth it would be of advantage to choose long dipoles, i.e., large bending radii, to reduce P CSR . On the other hand, the motion of the electrons through a bunch compressor is not circular but consists of several arcs. Hence, the steady-state approach as used in Ref. [5] is not applicable. This problem has been addressed in Ref. [12] . An analysis of the radiation of an electron bunch traversing a dipole magnet is performed taking transient effects into account. It is shown that the total energy loss due to CSR of an electron bunch with rectangular profile traversing a single dipole is given by
Obviously, the dependence on the bending radius R is more complex than in the steadystate theory. Depending on the values of bunch length σ s , relativistic factor γ and bending angle θ, it is possible to reduce the energy loss by reducing R, i.e., by using short dipoles. One also has to keep in mind that the use of shorter dipoles leads to a reduction of the bending angle θ, as we have seen in the last section. Consequently, it can be argued that the emittance growth induced by CSR should drop for chicanes built of shorter dipoles. Indeed, this is the case for the BC2 parameters as can be seen in FIG. 3 . It compares the relative energy loss ∆Etot Etot calculated using eqn. 4 for a 100 µm long bunch traversing a single dipole of BC2 to results of beam dynamics simulations including CSR for the case of a symmetric C-chicane. The growth of the projected emittance increases by about a factor of 2 when increasing the dipole length from 1 m to 9.5 m. The dependence of ∆Etot Etot on the dipole length is similar and consequently eqn. 4 is very useful when designing a bunch compressor chicane. In contrast to the projected emittance, the slice emittance growth is almost constant. The reason is that the phase space coordinates of all electrons at the same longitudinal position inside the electron bunch are affected in a similar way due to the energy change induced by CSR. This effect is usually called correlated emittance growth and is the main effect of CSR. The simulations are performed with the computer code CSRTrack [13] and make use of a CSR model based on the theory derived in [14] . A general discussion of the computer simulations is given in section 6.
Description of the Parameter Scans
Within the framework of the chicane and electron beam parameters given, a number of free parameters remain to find suitable solutions for the bunch compressor chicane and the corresponding electron beam. The performance of a bunch compressor strongly depends on the positions of the dipoles with respect to each other. Of course, the final dispersion should always vanish and the total length of all chicanes compared should be the same. The positions of the first and the last dipole are therefore fixed. Additionally, it is assumed that the dispersion in the drift between the two central dipoles in a C-chicane is constant. The length of this drift has no influence on bunch compression and should be kept short. A constant value of L S = 1 m was chosen to allow the installation of diagnostics, collimation, etc. Consequently, only two degrees of freedom, i.e., longitudinal and horizontal position of the central dipole pair, are left for the parameter scans. One is needed to correct the R 56 which should also be kept constant.
In the S-chicanes the separation of the second and third as well as the separation of the fourth and fifth dipole is kept constant. Hence, longitudinal and horizontal positions of two dipole pairs can be scanned. Again one of the four degrees of freedom is needed to correct the R 56 . It is important to note that S-chicanes are never fully achromatic, but the amount of the residual dispersion can be made sufficiently small to be neglected [15] . The advantage of shifting the central dipoles towards the front of a bunch compressor chicane is that one increases the synchrotron radiation power when the electron bunches are still long and reduce it when the bunches are short. Because of the non-linear a) dependence of CSR power on bending angle and bunch length [12] , this can lead to an overall reduction of the radiation power and the emittance dilution induced by CSR. In S-chicanes an additional effect has to be considered. They introduce a partial geometric compensation of the impact of CSR on the horizontal phase space distribution, similar to the case of double C-chicanes intersected by a −I-transformation of the transverse phase space coordinates [16] . This compensation can be optimized by shifting the central four dipoles closer to the end of the chicane without changing their bending angles [15] . Besides geometric parameters, also the initial values of the optics functions β x,ini and α x,ini have a strong influence on the growth of the projected emittance imposed by CSR [17] . Figure 4 shows results of beam dynamics simulations of a symmetric C-chicane with varying β x,ini and α x,ini . For the CSR emittance growth, a waist of the beta function close to the last dipole of the chicane is usually preferable (FIG. 4a) . In contrast to this ISR favors beta functions symmetric along the chicane and small average values of the beta function (FIG. 4b) . In total we have to scan three parameters for the C-chicane and five parameters for the S-chicane. For the C-chicanes these parameters are the longitudinal position dl of the central pair of dipoles measured with respect to their position in the symmetric Cchicane (FIG. 5a ) and the initial optics functions β x,ini and α x,ini . The horizontal position of the dipole pair is used to correct the R 56 . In the S-chicane besides β x,ini and α x,ini three geometric parameters are scanned. These are the length of the central drift L C and the longitudinal and horizontal shifts dl and dh of the midpoint of the two dipole pairs with respect to its position in the symmetric S-chicane (FIG. 5b) . The horizontal distance of the dipole pairs is used to correct the R 56 . 
General Remarks on Computer Simulations
All simulations were performed with the code CSRTrack [13] . In this code several different methods for the calculation of the CSR fields are implemented. They can be divided into three groups: three-dimensional integration of the electromagnetic fields, two-dimensional pseudo Green's function approach and calculation of one-dimensional analytical formulas. The first method calculates longitudinal, horizontal and vertical radiation field components. Its computational effort scales with the square of the number of particles N . It is therefore too slow for making parameter scans even on parallel computers. The second method calculates only the longitudinal and horizontal field components making the computational effort smaller by about two orders of magnitude, but the scaling with N 2 remains. Only the last method, which calculates the longitudinal radiation field component from analytic formulas, is fast enough for extensive parameter scans. For a single simulation about 30 min of CPU time were needed. The results presented in the next section are a summary of many thousand simulations. The code CSRTrack uses small Gaussian charge distributions, so called sub-bunches, to model the charge distribution of an electron bunch. They are tracked self-consistently through the beam line taking the electromagnetic fields radiated by the sub-bunches into account. Another set of point-like test particles can be tracked inside the fields of the sub-bunches, but they do not add to the electromagnetic radiation. Details on the calculation methods used in CSRTrack can be found in [13, 14, 18] . A general overview of CSR codes and the various approaches used therein to calculate CSR is given in [19] . Several codes and models have been compared in a benchmark test [20, 21] where it is concluded that in many cases the simple one-dimensional CSR calculation is sufficient for the design of a bunch compressor chicane. A comparison of simulation results obtained for a symmetric C-chicane with the twodimensional and the one-dimensional method is shown in FIG. 6 . One can see that the final horizontal phase space distributions are almost the same. The corresponding projected emittances are 587.2 nm rad for the one-dimensional method and 586.3 nm rad for the two-dimensional method. These values are in very good agreement, justifying the use of the one-dimensional method in the computer simulations to design BC2. Since in the scans the initial beta function and the alpha are varied, the shapes of the initial horizontal phase space distributions vary, but the initial emittances were always the same. The final emittances of course differ. Another effect imposed by the CSR energy loss is that the mean values of the horizontal phase space coordinatesx andx are not exactly zero (FIG. 7d) . In a first parameter scan for the C-chicane only the position of the central dipole pair was changed. The initial optics functions were chosen as β x,ini = 45 m and α x,ini = 1.45. These values result in a symmetric β x along the chicane and a small average β x . In this case ISR and CSR emittance growth are already small (FIG. 8) . Here the minimum emittance growth is ∆ε n,x = 30 nm rad, i.e., a value at the upper limit of what is allowed by the specifications. The best layout in this scan is an asymmetric C-chicane where the central dipoles are shifted by about dl = 3 m towards the front of the chicane. The full three-dimensional scan of dl, β x,ini and α x,ini results in a minimum emittance growth of ∆ε n,x = 12 nm rad. The dependence of the emittance growth on dl and β x,ini is summarized in FIG. 9 . For each point in the plot the value for the optimum α x,ini is chosen. 
Conclusion
In this paper we systematically designed a bunch compressor chicane suitable for the multi-TeV linear collider CLIC. We discussed how the emittance growth induced by incoherent and coherent synchrotron radiation can be influenced by choosing the proper chicane and electron beam parameters and provide a guideline for the design of bunch compressor chicanes.
An important result is that the choice of the dipole length is crucial to building a bunch compressor chicane. Both, too long and too short dipoles will lead to a strong emittance growth. In the first case due to CSR in the second due to ISR. Of equal importance is the optimization of initial beam optics. A waist of the beta function closer to the end of the chicane will strongly reduce the emittance growth induced by CSR and will enhance the ISR emittance growth only weakly. A consequence of our review of synchrotron radiation effects is, that the chicane layout originally proposed for BC2 at CLIC [6] , with its very long dipoles, is far from optimal. A chicane with the same R 56 but shorter dipoles and optimized beta functions is a better choice. Several different chicane layouts and sets of optics functions were systematically compared in various parameter scans. A 40 m long asymmetric S-chicane built of 2 m long dipoles was found to be the best solution in terms of ISR and CSR emittance growth. Nevertheless, a symmetric C-chicane of the same length built of the same dipoles also gives good results. Using optimum initial optics functions the amount of emittance growth is ∆ε n,x = 14 nm rad for the symmetric C-chicane and ∆ε n,x = 10 nm rad for the asymmetric S-chicane. Both values are well within the specification of ∆ε n,x < 30 nm rad.
